The electronic and motional degrees of freedom of trapped ions can be controlled and coherently coupled on the level of individual quanta. Assembling complex quantum systems ion by ion while keeping this unique level of control remains a challenging task. For many applications, linear chains of ions in conventional traps are ideally suited to address this problem. However, driven motion due to the magnetic or radio-frequency electric trapping fields sometimes limits the performance in one dimension and severely affects the extension to higher dimensional systems. Here, we report on the trapping of multiple Barium ions in a single-beam optical dipole trap without radio-frequency or additional magnetic fields. We study the persistence of order in ensembles of up to six ions within the optical trap, measure their temperature and conclude that the ions form a linear chain, commonly called a one-dimensional Coulomb crystal. As a proof-of-concept demonstration, we access the collective motion and perform spectrometry of the normal modes in the optical trap. Our system provides a platform which is free of driven motion and combines advantages of optical trapping, such as state-dependent confinement and nano-scale potentials, with the desirable properties of crystals of trapped ions, such as long-range interactions featuring collective motion. Starting with small numbers of ions, it has been proposed that these properties would allow the experimental study of many-body physics and the onset of structural quantum phase transitions between oneand two-dimensional crystals.
I. INTRODUCTION
Coulomb crystals are an intriguing form of matter. On the one hand, it is believed that they make up the core of white dwarves and the surface of neutron stars [1] . On the other hand, they provide a versatile solid-state-like platform for applications that require a magnified lattice structure. While a solid-state system with nanometerspaced particles can hardly be observed and controlled with single-site resolution, distances of ions in Coulomb crystals are on the order of a ≈ 10 µm. The corresponding 10 12 times lower densities allow to manipulate each constituent individually. The ions are typically trapped in Paul [2] and Penning traps [3] , which combine electrostatic with radiofrequency (rf) fields or magnetic fields, respectively. These traps provide stiff confinement to counteract the repulsive interaction of the positively charged ions. Ensembles with temperatures of thousands of Kelvin can be trapped and form one-component plasmas (OCP). Cooling the OCP leads to a phase transition to a crystal when the ratio of the Coulomb energy for mean ion distances and the average kinetic energy, Γ Plasma = E Coul /E kin , exceeds a critical value. Depending on the dimensionality of the system, Molecular Dynamics (MD) simulations predict that this phase transition occurs at different Γ Plasma , e.g. Γ 
3D
Plasma > 174) [4, 5] , where q is the charge of the particles, T their temperature and k B the Boltzmann constant. For typical experimental parameters in 1D, temperatures below a critical value T c on the order of 50 mK are required to reach the phase transition. A handful of ion species available for direct laser cooling can be prepared at Doppler temperatures T D << T c , and sufficiently well isolated from the environment by levitating them in ultra-high vacuum. Other elements and molecular ions can also be embedded into the crystalline structure thanks to sympathetic cooling via Coulomb interaction [1] . Extensive work has allowed to extend the coherent control and coupling of external (motional) and internal (electronic) degrees of freedom from single ions to (short) linear chains of ions [6] [7] [8] [9] [10] [11] . However, ions perform rf-driven motion in Paul traps and driven cyclotron motion in Penning traps, which often is undesirable. Various methods can minimize driven motion close to zero [12] , but, even when assuming perfect compensation of stray electric fields, driven motion remains inevitable if ions are intrinsically displaced from the trap center, e.g. in a 2D or 3D crystal [1, 13] , or during the interaction with neutral atoms [14, 15] . In these cases, the kinetic energy of the driven motion easily exceeds the residual thermal energy by orders of magnitude. This makes it challenging to extend the unique level of control and isolation available for single ions and linear chains of ions to Coulomb crystals of larger size and dimensionality. A generic approach to entirely mitigate driven motion is the use of optical dipole traps without rf and without magnetic fields. Optical dipole traps have been established in experiments for neutral particles for decades [16] . Recently, trapping and isolation of a single ion in a dipole trap was demonstrated for seconds [17, 18] , comparable to the lifetime of neutral atoms for similar trapping conditions [19] and in agreement with theoretical predictions [20] . Several groups have also superimposed optical lattices with Coulomb Crystals trapped in rf traps [21] [22] [23] , which, e.g., allowed to study fundamental questions in the context of friction [24] . These experiments were realized providing rf confinement for the radial degrees of freedom, while axial confinement was implemented using optical and electrostatic fields. In this Letter, we show trapping of up to six ions in a single-beam optical dipole trap without confinement by rf fields. We demonstrate that the ensemble remains a one-dimensional Coulomb crystal in the optical trap and reveal access to the axial motional modes.
II. APPARATUS FOR OPTICAL TRAPPING OF ION COULOMB CRYSTALS
Our experimental setup combines focused dipole laser beams with a segmented linear rf trap, see Fig. 1(a) . We follow a three step protocol for optical trapping of multiple ions in the absence of rf fields, during which we maintain control over the axial confinement by electrostatic fields. In step one, we load 1 ≤ N ini ≤ 6 ions by photoionization of Barium atoms [25] and prepare them in the rf trap (drive frequency Ω rf /(2π) = 1.4 MHz). The Doppler cooling laser, which is also responsible for detection, cools the gaseous ensemble below the transition to the crystalline phase (cooling rate ≈ 10 3 s −1 , Doppler limit T D ≈ 0.3 mK). For temperatures T with T D < T T c , the chosen trapping frequencies ω rf rad = 2 π × 140 kHz and ω dc ax = 2 π × 25 kHz, and N ini < 10, the Coulomb crystals extend as one-dimensional chains along the z-axis of the rf trap with an inter-ion distance of ∼ 35 µm. This step includes the compensation of stray electric fields to the MHz   TABLE I . Laser and trap parameters for visible (VIS) and near-infrared (NIR) optical dipole traps. The symbols denote wavelength (λ), 1/e 2 beam waist (w), Rayleigh length (zR), laser power (P ), optical trap depth (Uopt), radial trap frequency (ω rad,opt ), and Stark shift in the electronic ground state S 1/2 (∆ Stark /(2π)). ω rad,opt denotes the radial optical trap frequency (neglecting electrostatic fields) at the mimimum beam waist and for a single ion.
level of | E stray | < ∼ 10 −2 V/m for a single ion [17, 26] and detection by fluorescence imaging at 493 nm on the S 1/2 -P 1/2 transition (natural linewidth Γ = 2π × 15. Fig. 2(a) ], we deduce the number and configuration of bright (N b ) and dark (N d ) ions with a fidelity close to one. In step two, the ions are transferred into the optical trap by turning on either the visible (VIS) or near-infrared (NIR) dipole trap while ramping the rf field to zero [17, 26, 27] . The laser and optical dipole trap parameters are shown in Table I . The axial confinement is controlled by dc voltages applied to the endcap electrodes (yellow electrodes in Fig. 1(a) ) which remain unchanged for the remaining protocol. Both dipole traps are generated by focusing circular Gaussian beams (see Fig. 1 ) with their wave vector aligned with the linear ion chain centered at the minimal beam waist. After a duration ∆t opt , we turn on the rf trap while turning off the dipole trap. In step three, we detect the number N opt and analyze the configuration of the remaining ions. The optical trapping probability p opt is defined as the number of successful trapping attempts divided by total trapping attempts. We call an attempt successful if the number of ions before and after optical trapping is equal, N opt = N ini , and unsuccessful if one or more ions have been lost, N opt < N ini . In such cases, we find that typically only one or two ions are missing after ∆t opt . The statistical uncertainty of p opt is determined by the Wilson score interval [28] .
III. KEEPING COULOMB ORDER
For our trapping parameters, theory predicts the existence of one-dimensional ion crystals for temperatures T < T c ≈ 50 mK, which is on the same order as the available optical trap depth for a single ion, U VIS opt ≤ k B × 110 mK. However, this criterion is only valid under certain assumptions, such as homogeneous radial confinement and similar temperatures and heating rates in all spatial degrees of freedom. These approximations are not fully justified in our experiment. Therefore, more detailed studies are required to confirm the survival of the crystal during ∆t opt . We first investigate the feasibility of confining more than one ion in the VIS dipole trap, which provides the deeper potential U VIS opt . However, the VIS trap only creates an attractive potential for Ba + in its electronic ground state S 1/2 . In the metastable D states, which can be populated by off-resonant scattering, the potential is repulsive and the ion is lost. At P VIS opt = 9.5 W, scattering would limit the 1/e lifetime of a single ion in the center of the VIS trap to about 1.3 ms. In order to minimize this effect, we set ∆t opt ≈ 500 µs and turn on additional repumping lasers [17] . As shown in Fig. 2 (a), we demonstrate reliable optical trapping for N ini ≤ 5 ions, here permitting p opt ≈ 1. For N ini = 6, we find p opt ≤ 0.2. Note that for P VIS opt = 0 W, no trapping is observed. Currently, the setup does not allow for direct imaging during ∆t opt , since the Stark shift inside the VIS laser ∆ . Note that there is no direct evidence that the crystal survived the transfers between the traps. The ensemble might melt and turn into a gas-phase OCP during optical trapping. Then, at the beginning of step 3, it could re-crystalize under the effect of the detection laser and the associated Doppler cooling. To gain deeper insight into the dynamics during transfers and ∆t opt , we study the ion ensemble indirectly by embedding 136,137 Ba + as markers to witness changes of the crystalline configuration, see Fig. 2 (a). For N ini = N opt ≤ 5 and N d ≤ 2, we observe that close to 100 % of the image pairs show identical configurations of bright and dark ions. After random reorganization, a given configuration only occurs with a probability of
We typically observe that the configurations of 4-ion crystals (N ini = 4, N d = 1) remain unchanged over the course of 15 consecutive experiments, yielding (p rand ) 15 = 9 × 10 −10 . We attribute events with changed configuration (< 1 % of all image pairs) to collisions of the ions with residual background gas particles during step 1 or 3, leading to melting and recrystallization of the entire ensemble within the deep rf trap. When a background gas collision occurs during step 2, we expect loss of the ion(s) from the optical trap (N opt < N ini ). The persistence of Coulomb order is evidence that the thermal excitation of the ensemble remains below T c . Additionally, the method demonstrates that even isotopes which are not Doppler-cooled (e.g.
136,137 Ba + ), can be optically trapped when embedded into the ensemble, despite the intrinsically reduced cooling rate.
IV. TEMPERATURE OF MULTIPLE IONS IN AN OPTICAL TRAP
To access the mean kinetic energy within the ensemble during ∆t opt and to study the dominant loss mechanisms, we further investigate the dependence of p opt on our experimental parameters and measure p opt for different P VIS opt . The dependence of p opt on the optical trap depth U VIS opt has previously been exploited to determine the temperature of a single ion [17, 26, 27] . U (1) we detect the initial configuration and ion number Nini while Doppler cooling the ions; (2) the ions are transferred into the dipole trap by turning off the rf field and cooling lasers for the optical trapping duration ∆topt, keeping the electrostatic potential; (3) we again detect the number and final configuration of all remaining ions in the rf trap. An intermittent gaseous phase followed by recrystallization or enhanced diffusion should be observable with high fidelity via changes of the positions of the dark ions within the crystal.
, which can be used to derive T . Since we have to consider additional effects contributing to the total trapping potential shown in Fig. 1 , it is evident that this approach is not suitable for N ini > 1, see Fig. 3(a) . Taking into account the Gaussian laser beam geometry, mutual Coulomb interaction and the influence of electrostatic fields [see Fig. 1(b-d) ] makes the radial confinement strongly dependent on N ini and the axial equilibrium position z 0 i of ion i. These effects are of fundamental importance for optical trapping of charged particles and have to be considered when deriving the local trap depth ∆U tot for ion i. First, the ensemble of ions will extend at least up to the length of the Coulomb crystal in the rf trap for the chosen trapping parameters and T < T c . Because the axial extensions are comparable to the Rayleigh length, e.g. |z (red, blue, green, yellow and black squares). The solid lines indicate fits with the radial-cutoff model [29] , which relates the trapping probability and finite trap depth for atoms or a single ion to their temperature. We observe that trapping Nini > 1 ions requires increased laser power. Still applying the single-particle model yields a ten times larger temperature or decreased trap depth. In (b), we reanalyse the data shown in (a), taking into account the axial extent of the ensemble, electrostatic fields and mutual Coulomb interaction to calculate the local radial trap depth at the axial positions of the outermost ions ∆Utot(z trodes and the mutual Coulomb interaction lead to a potential energy
This results in effective radial defocusing, which can be seen by expanding U el ( r i ) to second order, yielding potential curvatures mω z,dc > 0, whereas negative terms correspond to defocusing, inevitable in at least one radial direction. In our setup, we find that the defocusing almost exclusively occurs along the x direction (see Fig. 1 ) such thatω Fig. 3(b) , we show p opt (N ini ) in dependence on the smallest trap depth, ∆U tot (z 0 1 ) = ∆U tot (z 0 Nini ) at the edges of the ensemble. We derive temperatures near T Nini = (0.7 ± 0.1) mK for N ini ≤ 3, T 4 = (1.3 ± 0.5) mK and T 5 = (1.8 ± 0.5) mK. The apparent increase in temperature for larger N ini may stem from a residual angle between the rf and optical axis, which becomes increasingly relevant for larger ion numbers. In addition, the trap depth, and therefore p opt (N ini ), is affected by stray fields (which are currently compensated at the position of the center ion only) and deviations from the assumed beam profile for increasing distance |z i |. Nonetheless, including the spatial dependence of the total radial confinement improves the description of the system and yields T < 2 mK T c during ∆t opt . For these temperatures and our experimental parameters, MD simulations show that the amplitudes of the ions' axial motion are small (< 10 %) compared to the distance of neighboring ions. Thus, applying the Lindemann criterion for a small number of lattice sites, we conclude that ensembles of up to 5 ions form crystals during ∆t opt [1, 30] . In our system, the number of ions forming a crystal in the VIS trap is limited by our beam geometry and the chosen trapping parameters. Further improvement could be achieved by adapting the laser beam geometry, replacing axial electrostatic confinement with optical confinement or by using different ion species featuring either a smaller decay rate into repulsive D states or no such states at all. In the next section, we will use the further detuned NIR optical trap to reduce off-resonant scattering, at the expense of the confinement, see table I.
V. DETECTING MOTIONAL MODES OF OPTICALLY TRAPPED IONS
To gain further insight into the dynamics of the ensemble during ∆t opt , we investigate the vibrational spectrum of the ions. Here, we choose to explore the axial degree of freedom. Coupling to the charge allows exciting the motion of trapped ions by applying oscillating voltages to specific electrodes. Since the position of the ions in the rf trap can be observed directly on the CCD camera, we observe motional excitation as an effectively increased ion image size caused by the integration of the fluorescence of the ion along its trajectory [see Fig. 4(a) (binned data points weighted with their statistical significance, for details on uncertainty see text) only emerges in the case Nini = 2 and shows access to the motional degrees of freedom of the Coulomb crystal during ∆topt. In the case of the stretch mode, we numerically simulate the out-of-phase motion driven by an oscillating electric field with amplitude E = 1.8 mV/m (no free parameters). We depict the amplitude |zstr| = |z1 − z2|/2 of this motion after ∆topt = 10 ms by the solid red line (axis on the right-hand side). The nonlinearity of the Coulomb interaction leads to an asymmetric frequency response (see Supplemental Material). We emphasize that the dependence of popt on |zstr| is nontrivial and not taken into account here.
The blurring and its dependence on the frequency of excitation, ω mod , allows to calibrate the parameters of the trapping potential. The motion of more than one ion forming a Coulomb crystal is typically described in terms of normal modes [31] . In Fig. 4(a) , the collective motion in the rf trap is presented exemplarily for two axial modes of up to three ions. The mode of lowest axial frequency, the center-of-mass (COM) mode, describes the in-phase oscillation of all ions at ω corresponds to the stretch mode, where two ions oscillate opposite in phase. For this mode and odd ion numbers, the center ion has to remain at rest. To perform motional spectrometry of ions in the optical trap, we repeat the protocol shown in Fig. 2(b) for N ini = 1, 2 and apply an oscillating voltage of constant amplitude to the endcap electrodes [see Fig. 1(a) ] during ∆t opt only. We choose ∆t opt = 10 ms within the NIR trap to improve the frequency resolution while further mitigating off-resonant scattering to ≤ 10 s −1 . At specific ω mod , we observe reduced optical trapping probabilities. We identify these frequencies as resonances within the oscillation spectrum of the ensemble during ∆t opt . For N ini = 1, we observe a single resonance, centered at ω . The experimental uncertainty of ω str ax is estimated via the spacing between adjacent data points which is consistent with the frequency resolution of the excitation. We interpret the additional resonance as the spectrometric fingerprint of the stretch mode. Based on the agreement with the theoretical prediction we confirm the survival of the crystal in absence of any rf while demonstrating the possibility to address and exploit its normal modes. To study the dynamics of the motional excitation and related loss mechanisms, we compare our experimental results with numerical simulations for N ini = 1, 2 (for details see Supplemental Material). The results are in agreement with our experimental findings and reveal that the motional amplitudes along the z-axis lead to a loss of ion(s) in radial direction. In the case of the COM mode, loss is dominated by the reduction of the optical radial confinement for larger axial displacement [ Fig. 1(d)] , while in the case of the stretch mode, it is caused by the enhanced mutual Coulomb repulsion during the phase of approximation and the forced evasion of the ions in radial direction [ Fig. 1(c) ]. The non-linearity induced by the latter explains the directly observable anharmonicity of the resonance for the case of the stretch mode.
VI. CONCLUSIONS AND OUTLOOK
In summary, we demonstrate trapping of Coulomb crystals in a single-beam optical trap. We reveal the importance of Coulomb interaction and the electrostatic field along the axis of the dipole trap and demonstrate access to the collective motion. For neutral particles, these effects can usually be neglected. On the one hand, Coulomb interaction establishes the axial and radial motional modes in ion crystals. Control of these modes on the single-phonon level in optical traps would permit to couple electronic degrees of freedom of the ions. As in rf traps, phonons could mediate spin-spin interaction between the ions and act as a data-bus [31] . In addition, they can feature as quasi-particles which span the bosonic degree of freedom in open quantum systems [32] and extend experimental quantum simulations, e.g. by tunneling between the lattice sites defined by the ions [33, 34] . On the other hand, ion interaction and electrostatic forces currently limit the size of optically trappable Coulomb crystals. These contributions modify the trapping potential itself and reduce its depth. We aim to increase the number of ions and the dimensionality of the crystals using the range of readily available dipole trap geometries, e.g. Bessel beams, optical lattices or additional (crossed) laser beams. We also embed sympathetically cooled ions, here Barium isotopes, without substantially affecting the temperature of the crystal. Given suitable electronic transitions and sufficient coupling strengths, it is possible to optically trap ions of different electronic states and exploit the state-dependent potential [17] . Co-trapping other ionic species and molecular ions [1] should also be considered. We argue that systems in which rf micromotion exists due to intrinsic displacement from the center of the trap, as in higher-dimensional Coulomb crystals or during the interaction with (cold) neutral atoms, could substantially benefit from optical trapping of ions. While still in its infancy, the technique presented here could provide a clean platform to experimentally investigate systems with predicted quantum phase transitions and feature quantum many-body effects, briefly described in the following. The number of ions and the ratio of radial and axial confinement determine whether a crystal exists in a 1D chain or 2D zigzag structure. The two symmetric configurations of zigzag and "zagzig" are trapped within an effective double-well potential with well-controllable barrier height and are predicted to allow for experimental studies of a wide range of physical effects, starting with N ≥ 3. Adiabatically reducing the radial confinement to cross the structural quantum phase transition from 1D to 2D has been proposed to create a superposition of zigzag and zagzig [35] . The impact of quantum fluctuations at criticality is predicted to dominate the structure adopted by ions cooled close to the motional ground state, that is, even at finite temperatures [36] . It has also been proposed to create an entangled state, incorporating both structural phases, linear and zigzag, simultaneously [37] [38] [39] . Preparing one ion of a linear chain in a coherent superposition of two electronic states and exploiting the state-dependence of the optical trap [17] could directly implement this proposal. Additionally, embedding a single ion in a BEC has been proposed as a controlled quantum many-body system driven by the nucleation of tens or hundreds of atoms polarized in the ion's electric field [40, 41] . In hybrid traps, which combine an rf trap for the ion with an optical trap for the atoms, micromotion limits sympathetic cooling of the ion to a regime above the ultracold temperatures required for the formation the clusters [14, 15, 42] . Optical trapping of ions may be a generic solution to overcome this limitation [42] even for N > 1 and higherdimensional structures. Additional ions located outside the cloud could act as a remote sensor of the ion-atom interaction. It has also been proposed to immerse a linear ion chain into a degenerate Fermi gas to, e.g., emulate solid-state physics, with atoms acting as electrons and ions as nuclei, or to study a Peierls-like phase transition [43, 44] . Recently, envisioning a setup similar to our current experimental realisation, it has been proposed to couple an array of particles (N ≥ 2) by coherent scattering inside a light field without an optical cavity [45] . = 2.6 µm. The electrostatic potential U el ( ri) (dashed gray line) is approximated as a quadrupole potential and consists of an external electrostatic potential U dc ( ri) with maximum defocusing in the x direction and mutual Coulomb interaction U coul ( ri) which leads to the strongest defocusing for the center ion. The total potential is then evaluated at the position of the ions with i = 3 (red), i = 2, 4 (orange) and i = 1, 5 (blue). Note the offset of the local maxima from zero which is due the defocusing given by U el ( ri). 
(1) This function is plotted in Fig. 5 for typical experimental values. The locations of the local minima and maxima are determined by x i,min = 0 and (2)
Calculating the trap depth as ∆U tot (z
The second term in this expression, which corresponds to the offset of U tot (±x i,max , 0, z 0 i ) from zero visible in Fig. 5(b) , is only well defined when mω
). This condition is violated when the electrostatic defocusing is stronger than the optical confinement, prohibiting the existence of a local minimum at x = 0 such that ∆U tot (0, 0, z 0 i ) = 0. Numerical simulations of the normal mode detection: In the following, we discuss in more detail the results of the numerical model shown in Fig. 4(b) , depicting the motional amplitude of the axial out-of-phase (stretch) mode for large excitation amplitudes. The axial potential is dominated by electrostatic forces which provide near-harmonic confinement, and Coulomb interaction leads to equilibrium positions z field E(t) = E sin (ω mod t) by applying voltages to the endcap electrodes. Now considering the time-dependent positions z 1,2 (t) of the two ions, we obtain a system of coupled harmonic oscillators with nonlinear coupling given by Coulomb interaction ∓e 2 /4π 0 |z 1 (t) − z 2 (t)| 2 (negative for z 1 and positive for z 2 when z 1 < 0 < z 2 ). Damping can be neglected as laser cooling is inactive during optical trapping. The driving terms for z 1 and z 2 have the form +eE sin (ω mod t) and ±eE sin (ω mod t), where the identical signs correspond to a homogeneous field used to excite the COM mode and the opposite signs correspond to a field gradient used to excite the stretch mode. By adding or subtracting the equations of motion and defining z COM = (z 1 + z 2 )/2 and z str = (z 1 − z 2 )/2, we obtain the decoupled equations: (6) The out-of-phase motion behaves like a harmonic oscillator for small amplitudes, when the change of the distance between the ions, and thereby their Coulomb interaction, is small. For large driving amplitudes, we solve the differential equation (6) numerically for a varying frequency ω mod , see Fig. 6 (a) . At t = 0, the ions are assumed to be at rest at their equilibrium positions in a harmonic potential described by the measured frequency of the two-ion COM mode ω COM ax = 2π × (24.96 ± 0.02) kHz. We then let the system evolve for ∆t = 10 ms (time step δt = 1 µs). The oscillation amplitude is defined as half the distance between the maximal and minimal separation of the ions max(z str (t)) − min(z str (t)). The asymmetric shape of the resonance appears when the ions are sufficiently close to experience modified Coulomb interaction. Additionally, the largest oscillation amplitude is shifted to higher frequencies with increased driving amplitude. In the experiment, the amplitude of the driving electric field is chosen as E = (1.8 ± 0.1) mV/m. To investigate the sensitivity of this parameter, we vary E in the simulation, see Fig.  6(a) . The detection of the oscillation is achieved by measuring the trapping probability. This raises the question how the ions are lost from the trap. As the axial position changes during the resonant excitation, the radial optical trap depth changes as well. We distinguish two possible loss mechanisms. (a) If the ions move away from the focus of the laser beam, the beam waist increases and the radial trap depth approaches zero. This may lead to loss when exciting the COM or stretch mode. (b) When resonantly exciting the stretch mode, the ions perform out-of-phase motion. When their distance is minimal, Coulomb repulsion leads to stronger radial defocusing, reducing the trap depth. More intuitively, the effect can be described as a "collision" of the ions in the guide created by the optical trap. When this happens, they avoid each other, moving to the side and leaving the trapping region. In figure 6(b) , the axial oscillation amplitude of the out-ofphase motion is shown together with the dependence of the radial trap depth on the ion distance d. According to this calculation, the ions leave the trap through the second loss mechanism.
